Both the epitaxial-strain and atomic-ordering effects in In 0.54 Ga 0.46 P 1−y N y / GaAs ͑y =0%−2.0%͒ heterostructures are characterized by high-resolution x-ray rocking curve measurements and photoreflectance ͑PR͒ spectra at various temperatures. The lattice constant of InGaPN follows a bowing effect instead of Vegard's law. The valence-band splitting ͑VBS͒ and spin-orbit splitting of InGaPN are obtained from PR spectra. As the nitrogen concentration increases, the lattice mismatch ͑the compressive strain͒ between the epilayer and GaAs substrate decreases while the VBS increases, which implies an increase in the degree of ordering of InGaPN. In addition, the order It is well known that external epitaxial-strain and internal atomic-ordering fields can affect the optical and electronic properties of direct-band-gap zinc-blende semiconductors.
It is well known that external epitaxial-strain and internal atomic-ordering fields can affect the optical and electronic properties of direct-band-gap zinc-blende semiconductors.
1,2 The epitaxial strain causes a valence-band splitting ͑VBS͒ and an increase or decrease in the band gap under a compressive or tensile strain, respectively. The atomic ordering also results in a VBS and always reduces the band-gap. Recently, In 1−x Ga x P 1−y N y / GaAs heterostructures grown by gas source molecular beam epitaxy have been intensively investigated. Incorporating a small amount of nitrogen in In 1−x Ga x P is reported to substantially reduce the bandgap energy; most of the reduction being caused by a lowering of the conduction band. 3 More recently, the spontaneous ordering of InGaPN has been observed by Raman spectroscopy, polarized piezoreflectance spectroscopy, and high-resolution transmission electron microscopy. 4, 5 The ordering is caused by the transition from a zinc-blende structure to a CuPt structure. Valence-band splitting and spin-orbit splitting in InGaPN are also reported, 6 but a theoretical analysis of these phenomena has not been carried out. Accordingly, detailed theoretical calculations of epitaxial-strain and atomic-ordering effects in InGaPN / GaAs heterostructures are necessary and important.
In this work, the lattice mismatches between In 0.54 Ga 0.46 P 1−y N y epilayers and GaAs buffer layers, and hence the lattice constants of InGaPN, are determined by high-resolution x-ray rocking curve ͑XRC͒ measurements. All epilayers exhibit coherent compressive strain on the GaAs buffer layer. The fundamental band gap, valence-band splitting, and spin-orbit splitting of InGaPN at various temperatures are obtained by photoreflectance ͑PR͒ spectroscopy. The In 0.54 Ga 0.46 P 1−y N y / GaAs heterostructures are grown on a ͑001͒ GaAs semi-insulating substrate by gas source molecular beam epitaxy. The growth sequence involves the growth of a 0.5 m thick undoped In 0.54 Ga 0.46 P 1−y N y ͑y = 0, 0.005, 0.010, and 0.020͒ layer on a 0.2 m thick GaAs buffer layer. The XRC measurements indicate that as the nitrogen concentration increases, the compressive strain decreases while the VBS increases, which implies an increase in the degree of ordering in InGaPN. Using the theoretical calculation by Wei and Zunger, 1 the order parameter of InGaPN is deduced from the VBS obtained from the PR spectra. The XRC measurements are performed using a Bede x-ray diffractometer at 293 K. A standard arrangement of the photoreflectance apparatus is used. 7 The 442 nm line of a He-Cd laser serves as the pumping beam. The detection system is comprised of a Si photodetector and a lock-in amplifier. The PR measurements are performed using a closed cryostat at temperatures ranging from 50 to 293 K.
For the InGaPN / GaAs samples, the lattice constants of the strained InGaPN epilayers, normal ͑a Ќ ͒ and parallel ͑a ʈ ͒ to the GaAs substrate surface, deviate from the strain-free lattice constant ͑a 0 ͒. When the epilayer is coherently strained on a ͑001͒ GaAs substrate, the constant a ʈ is equal to that of the substrate ͑a s = 5.6533 Å͒, and the constant a 0 is related to a Ќ by the following equation:
where C 11 and C 12 are the elastic constants for the epilayer.
Since the elastic constants of InGaPN are not available, they are derived from the elastic constants of InP, GaP, 8 cubic GaN, and cubic InN ͑Ref. 9͒ ͑listed in Table I͒ Figure 1 depicts the lattice constants of the InGaPN samples determined by XRC measurements using Eq. ͑1͒ and derived by linear interpolation from the lattice constants a of the four binary compounds shown in Table I . 8, 9 The inset in 
where p represents the number of spectral features to be fitted; E is the photon energy; and A j , j , E cj , and ⌫ j are the amplitude, phase, transition energy, and broadening parameter of the jth feature, respectively. Here, m j = 2.5 is used, corresponding to a three-dimensional critical point. Because the VBS ͑E 1 − E 2 or E c2 − E c1 ͒ is less well resolved at 293 K due to the broadening effect on the spectral line of alloy scattering with N incorporation, the PR spectra are also measured at low temperatures to improve the definition of the VBS. The three transition energies of InGaPN at 293 K are indicated by arrows in Fig. 2 and listed in Table II . The VBS of InGaPN determined by the PR spectra at 293 K is plotted as solid triangles in Fig. 3 versus the N composition. The error bars represent the standard deviations in several measurements. Figure 3 also displays the straininduced VBS calculated from XRC results using the method in Ref. 1, which will be discussed below, with the band parameters listed in Table I . Since the incorporation of dilute N has little effect on the valence bands of III-V semiconductors, 9 the shear deformation potential b of InGaPN is taken by linear interpolation from those of InP, GaP, 8 c-GaN, and c-InN. 9 The spin-orbit splitting ⌬ SO of the strain-free, perfectly random InGaP ͑ Ќ = =0͒ is given as 0.10 eV ͑Ref. 1͒ and is not sensitive to N composition. The ordering-induced crystal field splitting is defined by
, where ⌬ 111 O ͑ =1͒ = 0.20 eV for the fully ordered In x Ga 1−x P.
1 The strain-induced crystal field splitting is given by
The energy levels E 1 , E 2 , and E 3 for various order parameter and strain component Ќ can be obtained by diagonalizing Eq. ͑32͒ of Ref. 1. For perfectly random cases, = 0 and
O ͑ =0͒ = 0, the strain-induced splitting of the valence band can be obtained by substituting the values of
, and ⌬ SO into and then diagonalizing Eq. ͑32͒ of Ref. 1. The strain-induced VBSs, E 1 − E 2 , obtained are plotted in Fig. 3 and show a gradual decrease with the increase of N incorporation. Figure 3 also shows a significant discrepancy between the VBS derived from the XRC and the PR spectra. This discrepancy can be attributed to the contribution of atomic-ordering effects in InGaPN, which is neglected in the calculation from XRC results. The ordering phenomenon in InGaPN has been reported by Su et al. 5 and also in our previous letter using Raman measurements. 4 Finally, the order parameter of InGaPN can be derived from the strain-and ordering-induced VBSs determined from the PR spectra ͑triangles in Fig. 3͒ . By substituting the values of ⌬ 001 4 This may be attributed to the nonlinear effect of the shear deformation potential b, as observed in GaAsN. 12 The band-gap reduction could be caused by the strain, ordering, and N incorporation. 1, 9 It is difficult to distinguish between these potential causes at this stage. Further clarifying studies on the nonlinear effect of the shear deformation potential and the band-gap reduction of InGaPN are necessary.
In conclusion, we have characterized the strain and ordering effects in In 0.54 Ga 0.46 P 1−y N y / GaAs heterostructures by high-resolution XRC and PR spectra. The lattice constant of InGaPN shows a bowing effect with N concentration. The band gap and the valence-band and spin-orbit splittings are obtained from the PR spectra. As N concentration increases, the compressive strain between the epilayer and GaAs substrate decreases while the VBS obtained from the PR spectra increases, which implies an additional ordering effect in InGaPN. The order parameter is derived from the strain-and ordering-induced VBSs and ranges from 0.256 to 0.498 with increasing N. The variation of indicates that the InGaPN epilayer becomes more ordered as more N is incorporated. However, the higher order parameter of In 0.54 Ga 0.46 P 0.98 N 0.02 may be caused by the nonlinear effect of the shear deformation potential, as is known to occur in GaAsN. 
